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The nature of Na ion distribution, diffusion path, and the spin structure of P2-type Na2Ni2TeO6
with a Ni honeycomb network has been explored. The nuclear density distribution of Na ions
reveals a 2D chiral pattern within Na layers without breaking the original 3D crystal symmetry,
which has been achieved uniquely via an inverse Fourier transform (iFT)-assisted neutron diffraction
technique. The Na diffusion pathway described by the calculated iso-surface of Na ion bond valence
sum (BVS) map is found consistent to a chiral diffusion mechanism. The Na site occupancy and
Ni2+ spin ordering were examined in detail with the electron density mapping, neutron diffraction,
magnetic susceptibility, specific heat, thermal conductivity and transport measurements. Signatures
of both strong incommensurate (ICM) and weak commensurate (CM) antiferromagnetic (AFM) spin
ordering were identified in the polycrystalline sample studied, and the CM-AFM spin ordering was
confirmed by using a single crystal sample through the k-scan in the momentum space corresponding
to the AFM peak of ( 1
2
, 0, 1).
PACS numbers: 61.05.fm, 75.30.Et, 66.30.-h
I. INTRODUCTION
The layered transition metal oxides have received spe-
cial attention in condensed matter physics research be-
cause of their rich physical properties, including ion in-
tercalation for potential battery applications, supercon-
ductivity, and intercalant-sensitive magnetic phase tran-
sitions.1–3,5–10 The group IA ions that are sandwiched
between the transition metal oxide layers act as passive
charge reservoirs to influence the electronic structure.
P2-type Na2Ni2TeO6 has been shown to exhibit high
ionic conductivity at room temperature for potential ap-
plications as a separator in the Na-ion battery.11–13 The
mixed edge-sharing (Te/Ni)O6 octahedra in each layer
create a unique Te-centered NiO6 honeycomb network,
which leads to a complex potential field profile that is
used to drive the Na ion diffusion in 2D.
X-ray diffraction studies have shown that the crystal
structure of Na2Ni2TeO6 can be indexed with a space
group P63/mcm satisfactorily, and a 3D antiferro-
magnetic (AFM) spin ordering of TN∼27 K has been
proposed; however, the impact of Na ion diffusion on the
crystal and spin structure has never been explored in de-
tail, in contrast to its sister compound NaxCoO2 which
has been studied extensively and shown rich physical
insights.3–9,12,14 It is highly desirable to investigate the
2D structure of the Na-layer that reflects the potential
field generated by the (Te/Ni)-O honeycomb sublattice
and its relationship to the magnetic structure of Ni spins.
In particular, due to the diffusive nature of intercalated
Na ions, a unique dynamic magneto-phonon coupling
of the system could be revealed through the detailed
analysis of the Na ion distribution and crystal structure
change as a function of temperature. Below we present
an integrated synchrotron X-ray and high-resolution
neutron powder diffraction study that clearly reveals an
in-plane chiral circular pattern within the Na-layers. An
inverse Fourier transform (iFT) technique was applied
to provide real space information from the diffraction
data for a more accurate Na ion site assignment on
structure refinement. Comparing to the calculated bond
valence sum (BVS) map of Na, the Na-ion diffusion in
2D is found to follow an effective translational path of
alternating chirality change.
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FIG. 1. (a) The crystal structure of Na2Ni2TeO6 of space group P63/mcm with three major Na sites (Na1, Na2, and Na3)
assigned following Ref. 12. (b) The 2D honeycomb network is composed of edge-shared NiO6 with Te (also edge-shared TeO6
octahedron) sitting in each honeycomb center, with Na sites in the neighboring layer shown as circles. The electron density
map obtained from the iFT-assisted X-ray diffraction at z=0.25 is shown on the left. The effective magnetic exchange couplings
J1 and J2 are indicated.
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FIG. 2. Observed (crosses) and fitted (solid lines) high-
resolution neutron powder-diffraction patterns taken at 300
K, assuming a Hexagonal crystal structure with the P63/mcm
space group. The differences between the calculated and ob-
served patterns are plotted at the bottom. The solid vertical
lines mark the calculated positions of the Bragg reflections of
the proposed crystalline structure.
II. EXPERIMENTAL DETAILS AND
THEORITICAL CALCULATIONS
The experimental details of the polycrystalline sam-
ple preparation and single crystal growth of Na2Ni2TeO6
have been reported in our previous work.14 The pre-
liminary X-ray diffraction measurements were performed
on a Bruker D8 ADVANCE diffractometer employing
Cu Kα radiation, and Synchrotron X-ray was performed
at NSRRC using BL01C2 beam line. Neutron powder
diffraction data between 2 to 450 K were collected on the
high-resolution neutron powder diffractometer (HRPD)
ECHIDNA [monochromator: Ge (331), λ = 2.439 A˚] and
the high-intensity powder diffractometer (HIPD) WOM-
BAT [monochromator: Ge (113), λ = 2.9502A˚], installed
at the OPAL reactor in ANSTO, Australia. Approxi-
mately ∼7 grams of the powder sample was loaded into
a cylindrical vanadium-can which gave rise to no mea-
surable background diffraction peaks. Neutron scatter-
ing experiments on powder and single crystal samples
were also conducted using the NG-5 triple-axis spectrom-
eter SPINS at the NIST Center for Neutron Research
[λ = 4.702A˚]. Cooled beryllium filter was used to re-
duce the higher-order neutron contaminations. The mag-
netic susceptibility measurement was performed using
a SQUID-VSM magnetometer (Quantum Design USA).
Chemical analysis was performed using Electron Probe
X-Ray Microanalyzer (EPMA) taken with a JEOL JXA-
8200 analyzer. Bond valence sum (BVS) was calculated
using the program 3DBVSMAPPER.15 The nuclear or
electron density maps were obtained employing the Gen-
eral Structure Analysis System (GSAS) or FullProf pro-
grams. Starting with the profile refinement of neutron or
X-ray diffraction pattern, the electron density distribu-
tion can be obtained by calculating the inverse Fourier
transform of the structure factors. The scattering den-
sity ρ(r) = 1V
∑
H Fobs(H)exp{−2pii(H.r)} was calcu-
lated using the program Fourier (GSAS) or GFourier
(FullProf), where V is the volume of the unit cell, H is
a reciprocal space vector, r is a vector position inside
the unit cell, and Fobs(H) = |F (H)|exp{iφ(H)}, where
3|F (H)| is the square root of integrated intensities taken
directly from the measurement, and the calculated phase
φ(H) derived from the structural model by the GSAS or
FullProf program is used to perform the Fourier trans-
form.
Theoretical calculations were performed based on first-
principles density functional theory (DFT) with gener-
alized gradient approximation (GGA).16 To describe the
electron-electron correlation associated with the 3d states
of Ni, the GGA plus on-site coulomb repulsion (GGA
+U) calculations are performed with an effective Ueff =
(U - J) = 6.0 eV.17,18 We have used the frozen-core full-
potential projector-augmented wave (PAW) method19,20
as implemented in the Vienna ab initio simulation pack-
age (VASP).21 The wave functions are expressed in a
plane wave basis set with an energy cutoff of 400 eV, and
the self-consistent field energies are converged up to 10−5
eV. For our calculations, we have used four metastable
magnetic configuraions to estimate the magnetic cou-
plings J1, J2 and J3 of Ni atoms of interatomic distances
3.00194, 5.19951 and 5.56422 A˚(the three shortest inter-
atomic distances) respectively. To explore the magnetic
ground state, a supercell of size 4 times the size of prim-
itive cell is considered, and there are 16 Ni atoms in the
unit cell. In the present calculations, we used the tetra-
hedron method with Blo¨chl corrections for the Brillouin
zone integration with a Γ-centered Monkhorst-Pack k-
point mesh of (9 × 9 × 7). The magnetic couplings J1,
J2 and J3 among the Ni atoms are expressed in terms of
the spin Heisenberg Hamiltonian, H = E0−
∑
JijSi · Sj,
where Jij is the exchange interaction parameter between
the Ni atoms at site i and site j, and Si (Sj) is the unit
vector that represents the direction of the local magnetic
moment at site i (j). For an antiferromagnetic interac-
tion, J < 0 is assumed, and for a ferromagnetic interac-
tion, J > 0 is assumed, and the constant E0 contains all
of the spin-independent interactions.
III. RESULTS AND DISCUSSION
A. Crystal structure
The crystalline structure of Na2Ni2TeO6 can be viewed
as a 2D honeycomb network that is composed of edge-
sharing NiO6 octahedra with TeO6 in each honeycomb
center, and the Na monolayer is sandwiched between two
(Ni/Te)-O layers with mirrored orientations along the a-
axis in each unit cell, as shown in Fig. 1. Based on the
X-ray diffraction results, Evstigneeva et al. indexed the
diffraction pattern with a space group of P63/mcm us-
ing three crystallographic sites of Na1 at 6g (0.35, 0, 14 ),
Na2 at 4c ( 13 ,
2
3 ,
1
4 ), and Na3 at 2a (0, 0,
1
4 ), with cor-
responding occupancies of 44%, 21%, and 25%, respec-
tively.12 In this study, neutron diffraction was applied to
elucidate the Na ion positions and their corresponding
occupancies more precisely. The high-resolution neutron
powder diffraction (NPD) data were refined with the Ri-
TABLE I. List of the refined structural parameters of
Na2Ni2TeO6 at 300 K, based on the assigned Na positions
similar to those reported in the literature by Evstigneeva et
al., and the iFT-assisted refinement from this study (lower),
where Biso represents the isotropic temperature parameter
and M represents the multiplicity.
Na2Ni2TeO6
Hexagonal P63/mcm space group ( No. 193)
T=300 K, a = b = 5.2036(3) A˚, c = 11.1387(3)A˚
Atom x y z M Biso (A˚
2) Occupancy
Te 0 0 0 2a 0.19(3) 1.000
Ni 2
3
1
3
0 4c 0.30(2) 0.997(3)
O 0.3112(2) 0.3112(2) 0.5944(1) 12b 0.57(4) 1.002(3)
Na1 0.6306(3) 0.0 1
4
6g 4.98(5) 0.508(4)
Na2 1
3
2
3
1
4
4c 3.12(3) 0.203(2)
Na3 0 0.0 1
4
2a 2.88(3) 0.073(1)
χ2 = 5.654, Rp = 6.92%, Rwp = 8.81%
Na2Ni2TeO6
Hexagonal P63/mcm space group ( No. 193)
T=300 K, a = b = 5.2039(1) A˚, c = 11.1383(4)A˚
Atom x y z M Biso (A˚
2) Occupancy
Te 0 0 0 2a 0.18(5) 1.000
Ni 2
3
1
3
0 4c 0.28(4) 1.003(2)
O 0.3112(2) 0.3112(2) 0.5943(1) 12b 0.57(6) 0.992(2)
Na1a 0.3538(4) 0.0 1
4
6g 2.28(4) 0.012(2)
Na1b 0.415(3) 0.072 1
4
6g 2.28(4) 0.051(3)
Na1c 0.6250(5) 0.0 1
4
6g 6.74(7) 0.038(2)
Na1d 0.6921(5) 0.065 1
4
6g 6.74(7) 0.165(2)
Na1e 0.6252(2) 0.1042(3) 1
4
12j 0.91(2) 0.018(1)
Na2a 2
3
1
3
1
4
4c 1.44(3) 0.103(3)
Na2b 0.5639(4) 0.1872(1) 1
4
12j 0.91(1) 0.013(4)
Na2c 0.6881(2) 0.2190(4) 1
4
12j 3.71(2) 0.014(2)
Na3a 0 0.0 1
4
2a 1.60(4) 0.043(1)
Na3b 0.8570(4) 0.0 1
4
6g 4.37(3) 0.012(3)
χ2 = 3.854, Rp = 5.42%, Rwp = 6.83%
etveld method using the General Structure Analysis Sys-
tem (GSAS) program.22,23
The refinements were performed assuming a hexago-
nal crystal structure with space group P63/mcm. Fig-
ure 2 displays the observed (crosses) and calculated (solid
lines) diffraction patterns taken at 300 K, with differ-
ences plotted at the bottom. The nuclear density of the
Na layer at z = 0.25 is represented with a map that takes
a 0.2 A˚ thick cut from the 3D real space view, which is
re-constructed from the diffraction data via an inverse
Fourier transform (iFT), as displayed in Fig. 3(a)-(c). It
is noted that the original assignments of the Na1, Na2
and Na3 sites do not match the iFT-assisted real space
crystal structure of the Na layer perfectly. A better site
assignment should reflect the additional Na sites that
are revealed by the iFT technique, as indicated by the
quintuplet splitting of Na1(a-e), the triplet splitting of
Na2(a-c), and the doublet splitting of Na3(a-b). All cor-
responding occupancies are summarized in the Table I.
The newly assigned Na sites are overlaid to match the
4nuclear density mapping more satisfactorily, as shown in
Fig. 3(a).
It must be noted that these newly identified Na sites
from the iFT-assisted NPD data refinement do not offer
additional 3D symmetry breaking from the original
space group P63/mcm. In addition, similar iFT-assisted
X-ray diffraction data analysis showing electron density
distribution (inset of Fig. 1(b)) is not sufficiently sen-
sitive to resolve the Na sites of low occupancy, which
makes current iFT-assisted NPD data analysis a unique
and necessary method for the accurate site refinement
of the temperature and potential field-sensitive diffusive
Na ions.
B. Sodium distribution and diffusion
Following the iFT-assisted NPD data analysis, the ex-
perimental nuclear density mapping revealed a circular
pattern of well-defined handedness in the Na layer, as
illustrated in Fig. 3(a)-(c). Chiral circular pattern can
be identified from the nuclear density distribution of
the Na1(a-e) sites surrounding the Na2a center in cir-
cles showing alternating handedness (counter-clockwise
and clockwise). The observed 2D chiral pattern has also
been confirmed by the electron density mapping using X-
ray diffraction with the similar iFT-assisted data analysis
[inset of Fig. 1(b)], wherein the electron density (not the
nuclear density) distribution of the unresolved Na1 sites
indeed shows an in-plane (2D) chiral pattern similar to
that identified by the iFT-assisted NPD data [Fig. 3(a)].
Such chiral pattern in 2D does not break the 3D sym-
metry, but its role in 2D symmetry cannot be dismissed
completely. For example, such unique local chiral ele-
ment is found in chiral molecules distributed in 2D.24
The unique chiral element (or named chiral asymmetry)
would reduce the 2D symmetry from p3m1 (No.14) to p3
(No.13) within the classification of seventeen 2D (Wall-
paper) space groups.
Although a unique potential field reversal is expected
between the (Ni/Te)-O layers following the symmetry
operation with the space group P63/mcm, such an in-
plane chiral pattern cannot be assigned unambiguously
with the parameters of anisotropic B-factor alone, as in-
dicated by the B-factors listed in Table I. It is noted that
distinct chiral pattern can also be identified by apply-
ing the iFT-assisted NPD data analysis using the prim-
itive space group P1 (No.1) without adding presumed
symmetry operation for a hexagonal system, as shown in
Fig. 3(d), i.e., the observed chirality is intrinsic and not
an artifact generated by the choice of space group used
in the iFT operation.
In view of Na2Ni2TeO6 as a layered compound with
Na ions intercalated in the van der Waals (vdW) gap,
the nuclear density distribution shown in Fig. 3 could be
interpreted as the time-averaged Na ion distribution in-
fluenced by the electric potential field, and the potential
field is constructed by the neighboring (Ni/Te)-O layers
under thermal fluctuation. This assumption has been
supported by the calculated Na ion diffusion path from
the molecular dynamic simulations performed earlier.25
The iso-surface of the Na bond valence sum (Na-BVS)
map shown in Fig. 4 is calculated from the difference
between the experimentally calculated Na-BVS and the
ideal valence of +1(±0.2) for the Na ion.15 The BVS iso-
surface network is continuous across the Na1(c-e) and
Na2(a-c) multiplet sites within Na-layer, but leaves out
the Na1(a-b) and Na3(a-b) sites completely, as shown in
Fig. 4(a), which suggests that a Na-ion diffusion path in
2D is established following the Na1(c-e)-Na2(a-c) sites in
a circular manner. A similar Na diffusion path has also
been reported earlier in Na0.7CoO2 and Na3[Ti2P2O10F]
via the mean-square displacements and thermal ellipsoid
calculations respectively.8,26
It is instructive to examine the Na distribution as a
function of temperature for the Na site occupancies in
detail, as shown in Fig. 4(b). Na1(c-e) shows nearly
twice the integrated occupancy than that of Na2(a-c) at
300 K, but there is an additional weight shift of approx-
imately 2% of the occupancy from Na2(a-c) to Na1(c-e)
between ∼220-150 K. On the other hand, the occupan-
cies of Na1(a-b) and Na3(a-b) remain low and constant
in the same temperature range. The actual Na diffusion
path is thus hinted by the gradual weight shift of the oc-
cupancy between Na1(c-e) and Na2(a-c) experimentally,
in agreement with the prediction of BVS calculation. In
addition, it is suggested that Na diffusion occurs above
'220 K but falls to the relative ground state below '150
K, which is consistent to the freezing phenomenon of Na
observed in the layered NaxCoO2 below ∼150 K via 23Na
NMR.6,27
Since the Na1(c-e)↔Na2(a-c) diffusion path (Fig. 4)
forms closed loops in 2D close packing, a purely rota-
tional diffusion is likely. In order to introduce an ef-
fective translational diffusion, the possible purely rota-
tional diffusion can be avoided by coupling the rotation
to an orientational diffusion, as demonstrated by the chi-
ral diffusion for a system of rotary nanomotors.28 The
revealed chiral circular pattern in 2D must help on mak-
ing Na2Ni2TeO6 a compound of high ionic conductivity.
C. Magnetic phase transitions
The AFM phase transition for Na2Ni2TeO6 was ver-
ified with elastic neutron scattering using both powder
and single crystal samples through the trace of superlat-
tice peaks as a function of the temperature, as shown in
Fig. 5(a). At T=5 K, a commensurate (CM) superlattice
peak at (0.5 0 1) and a broad incommensurate (ICM) su-
perlattice peak near k=(0.47 0.44 0.28) can be identified
in the powder sample. While the observed ICM peak has
a shoulder close to a possible CM peak of (0.5 0 0) and the
ICM peak cannot be deconvoluted with confidence due
to the limited instrumental resolution, the peak inten-
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FIG. 3. (color online) (a) The nuclear density map for Na2Ni2TeO6 at z = 0.25 is overlaid with Na sites obtained from
the iFT-assisted NPD data refinement, which indicates additional Na1-quintuplet, Na2-triplet, and Na3-doublet splittings are
required for the space group P63/mcm, and the corresponding site occupancies are summarized in Table I. The corresponding
3D contour maps at layers (b) z = 0.25 and (c) z = 0.75 are compared. The nuclear densities of Na1a-Na1d sites are shown
with opposite handedness surrounding the Na2a center between the neighboring Na-layers also. (d) Similar handedness can
also be identified with space group P1 without any presumed symmetry in the hexagonal system, as shown for the z = 0.25
plane via iFT-assisted data analysis using the same NPD data.
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FIG. 4. (a) The nuclear density map of the z=0.25 layer cut for Na2Ni2TeO6 at 300 K, obtained using iFT-assisted NPD
data via space group P63/mcm, where the calculated BVS iso-surface (in brown color) of Na ions is overlaid on top. (b) The
temperature dependence of the integrated Na1-Na2-Na3 site occupancies. Solid lines are a guide to the eye.
sities are plotted as a function of temperature to show
that both CM and ICM peaks have same onset at TN
of ∼27.5 K, as shown in Fig. 5(b), which has also been
identified by the distinct cusp shown in the dχ/dT and
Cp/T plots [see Fig. 5(c)]. Our preliminary single crys-
tal studies indicated that the TN is extremely sensitive
to the excess Na content, e.g., TN∼22K has been iden-
tified in a single crystal sample of Na content ∼2.16.30
A separate spin-polarized neutron experiment is required
to elucidate the relationship among the Na content and
ICM/CM spin structures further.
We have tentatively explored the CM superlattice peak
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FIG. 5. (a) CM and ICM AFM peaks observed in the powder sample of Na2Ni2TeO6 below 28 K. (b) Thermal variations of
ICM and CM peaks indicate an onsets of TN∼27.5 K. (c) The dχ/dT and Cp/T plots also indicate an anomaly near ∼27.5 K.
at (0.5 0 1) using a separate single crystal sample, as
shown by the H-L contour plot of the (0.5 0 1) peak in-
tensity [inset of Fig. 5(a)] at 5 K. The critical exponent of
β = 0.202 fitted from the powder sample ICM peak inten-
sity with (1-T/TN )
2β [Fig. 5(b)] suggests the 2D nature
of the observed phase transition, which is consistent with
the evolution of a short-range exchange coupling prior to
the 3D long-range spin ordering, as also revealed by the
broad χ(T) peak near ∼30-40 K right above TN (lower
inset of Fig. 7).
D. Magnetic structure calculations
Judging from the χ‖c(T<TN ) drop to indicate the
on-site spin anisotropy along the c-direction,14 we have
considered four possible magnetic configurations of the
ground state to evaluate the three spin exchange param-
eters based on the first-principle density functional the-
ory with a generalized gradient approximation (GGA),16
including an antiferromagnetically coupled FM zigzag
chain structure (AF1), a q=0 spin configuration for each
honeycomb subnetwork (AF2), an A-type AFM spin
structure similar to that found in Na0.82CoO2 (AF3),
31
and a FM spin structure were calculated, as illustrated in
Fig. 6 (b)-(e). The explicit relations between the energy
and exchange coupling parameters for the proposed con-
figurations are: EAF1 = E0 - 8J1 + 16J2 + 16J3, EAF2
= E0 + 8J1 - 16J2 + 16J3, EAF3 = E0 - 24J1 - 48J2 +
16J3, and EFM = E0 - 24J1 - 48J2 - 16J3. Considering
the in-plane nearest neighbor couplings of J1 (Ni-O-Ni)
through the superexchange route and the next nearest
neighbor coupling J2 (Ni-O...O-Ni) through the super-
superexchange route [Fig. 1(b)], and an inter-plane cou-
pling of J3, the magnetic ground state is calculated to be
the spin configuration of the antiferromagnetically cou-
pled FM zigzag chains (AF1), as illustrated in Fig. 6(a).
The calculated values for the ground state are found to
be E0 = -451.37 eV/unit cell, J1 = 0.15 meV, J2 = -1.16
meV, and J3 = -0.08 meV. As a check for the validity of
calculations, a mean-field estimate of Weiss temperature
Θ based on the calculated exchange coupling parameters
gives Θ∼−26 K, being in good agreement with the ex-
perimental value of −32 K obtained from the Curie-Weiss
law fitting.33
It is noted that the definition of a Ni S=1 spin chain
in the 2D honeycomb network is ambiguous when three
equivalent zigzag chains can be defined along the (1 0 0),
(0 1 0) and (1 1 0) directions of a hexagonal system. Ac-
cording to the experimental and theoretical informations
collected to date, including the identification of the AFM
peak ( 12 0 1), the confirmed 3D AFM spin ordering, the
spin anisotropy along the c-direction,14 and the theoret-
ically calculated ground state configurations [Fig. 6(b)-
(e)] of dominant next nearest neighbor AFM coupling
J2 with weak nearest neighbor FM coupling J1, a com-
mensurate AFM spin structure is proposed and shown
in Fig. 6(a). This proposed spin structure satisfies all of
the experimental and theoretical conditions for the con-
firmed AFM long-range spin ordering, with a doubled
lattice size along the equivalent a- and b-directions of the
hexagonal lattice.
Although the AFM long-range spin ordering is ex-
pected to coincide with the lattice size doubling along
the c-direction of opposite handedness in the Na-layer,
strong ICM peaks were identified in the powder sample
[Fig. 5(a)], which could have resulted from the incom-
mensurate modulation of the AFM spin arrangement of
7(a) Proposed CM spin structure 
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FIG. 6. (color online)(a) The proposed commensurate AFM spin structure in 2D, where solid and empty circles represent spins
up and down. Zigzag chains with doubled periodicity along the a-direction is indicated by the dashed lines, which can also
be viewed as antiferromagnetically coupled FM zigzag chains extended along the (110) direction. (b)-(e) Four possible spin
configurations for the theoretical ground state calculation. The proposed spin configuration shown in (b) is found to be identical
and can be described equivalently using spin dimers in linear chain along the a- or b-direction after a 60◦ axis transformation
within the ab-plane, as shown in (a).
a 3D helical spin ordering. While the chiral symmetry
is closely related to the Coulomb field that is revealed
by the nuclear density distribution of the Na-layer, the
observed incommensurability could be closely related to
the oxygen and/or Na nonstoichiometry. Preliminary
chemical analysis using electron probe microanalysis
(EPMA) suggests that the studied powder sample has
an oxygen vacancy level about ∼0.02 per formula unit.
A careful neutron study on a series of single crystal
samples with controlled oxygen and Na nonstoichiometry
is expected and in progress.
E. Spin-phonon-electronic coupling
The lattice parameters a and c for Na2Ni2TeO6 mea-
sured as a function of the temperature are shown in
Fig. 7. No structural symmetry change or lattice distor-
tion could be identified from the high-resolution neutron
powder diffraction patterns between 3 and 450 K. The
thermal expansion was essentially isotropic above ∼220
K, as indicated by the linear temperature dependence.
The calculated thermal expansion coefficients are αa =
9.78× 10−6 K−1 along the a-axis and αc = 2.62× 10−5
K−1 along the c-axis for data above ∼220 K. The αc is
approximately 2.68 times higher than αa, which indicates
that the inter-layer coupling is considerably weaker than
that of the intra-layer coupling, as expected for a layered
compound with vdW gaps.
The temperature range for the occurrence of the zero
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FIG. 7. The temperature dependence of the lattice parame-
ters a and c for Na2Ni2TeO6. The linear temperature depen-
dence is found to be above ∼220 K, and the ZTE phenomenon
is found to be below ∼ 100 K. The upper left inset shows
anomalies in the specific heat and resistivity of Na2Ni2TeO6
near ∼220 K. The lower right inset shows the temperature de-
pendence of magnetic susceptibilities for powder Na2Ni2TeO6
measured in the applied field of Ha = 1T. The solid line rep-
resents the Curie-Weiss law fitting.
thermal expansion (ZTE) phenomenon below ∼100 K
is found close to the onset that χ(T) starts to deviate
from the Curie-Weiss law (lower right inset of Fig. 7), in-
dicating both the anharmonic phonon contribution and
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FIG. 8. A portion of the fitted (a) X-ray and (b) neutron
diffraction patterns showing l 6=0 peaks broadening and l=0
peaks with FWHM within the instrumental resolution. All
Cu-Kα2 for the X-ray has been filtered out. The calculated
corresponding strain is tabulated in Table II.
the short-range spin exchange coupling are required as
the precursor to the 3D long-range spin ordering be-
low TN∼27.5 K. These findings are consistent with a
picture of the dominant spin-phonon coupling under re-
duced thermal fluctuation. The onset of linear thermal
expansion near ∼220 K was also found near the tem-
perature range where the Na1/Na2 occupancies start to
switch weights [Fig. 4(b)], which suggests that the subtle
in-plane chirality must be closely related to the electron-
phonon coupling indicated by the cusp of specific heat Cp
and the onset of resistivity increase near ∼220 K (upper
left inset of Fig. 7). Clearly, it is the diffusive nature of
the Na ions makes the observation of all these correlated
phenomena possible.
F. 2D chirality and 3D spin ordering
We believe that the hidden chirality in Na layer is re-
sulted from the electric potential gradient created by the
neighboring Ni-O layers, which is supported by the de-
tected significant (h, k, l 6=0 ) peak broadening due to
strain calculated using FullProf Suite29 in Table II, in
contrast to the narrow (h, k, l=0 ) peaks which are within
the instrumental resolution (Fig. 8). The different type
of bonding between the weaker inter-layer van der Waals
TABLE II. Strain calculated for various diffraction peaks
shown in the neutron diffraction pattern. Strain is estimated
using Fullprof suite from the integral peak width β and the
d-spacing as 1
2
βd.
HKL HGo HGi Strain
(1 0 0) 0.4025 0.4267 Resolution limited
(1 0 2) 0.4232 0.4111 21.7251
(3 0 0) 0.3141 0.3390 Resolution limited
(1 1 6) 0.7227 0.3383 22.0218
(3 0 2) 0.4909 0.3498 11.0855
(1 1 2) 0.4116 0.3762 16.8185
(2 1 1) 0.3426 0.3375 6.7922
TABLE III. DFT calculations of exchange couplings J1, J2,J3
for three different types of Na occupancy distribution are com-
pared.
J1/J2/J3
Occupancies 100%Na2 62.5%Na1,37.5%Na2 100%Na1
Ji (meV) 0.15/-1.16/-0.08 -0.11/-1.12/-0.07 -0.06/-1.13/-0.05
Ji (K) 1.70/-13.47/-0.87 -1.31/-12.96/-0.83 -0.66/-13.08/-0.54
interaction and the stronger intra-layer covalent bond-
ing could be responsible for the tolerable anisotropic dis-
placement of oxygen atoms under thermal fluctuation,
and the detected strain reflects the required potential
gradient for the Na ion diffusion following the Fick’s sec-
ond law.4 Above all, the chirality displayed by the Na
ion distribution is hidden in the regular refinement that
considers the statistical atomic position only.
In order to test the impact of Na chiral distribution
on the spin ordering, DFT calculations of exchange cou-
plings J1-J2-J3 for systems having three different site
occupancy assignments are compared, from calculation
using the refined occupancies of 62.5%Na1/37.5%Na2 to
the fully occupied Na2 and Na1, as shown in Table III. It
is found that the dominant J2 is not affected significantly
by the occupancy change, but the weak J1 and J3 cou-
plings are reduced accordingly. Based on these simulated
calculations, we propose that the observed Na-layer 2D
chiral distribution via weighted multiplet splitting cannot
affect the magnetic couplings significantly.
While the in-plane antiferromagnetically coupled spin
chains [see Fig. 6(a)] may break the mirror symmetry
of the honeycomb network via an expected Peierls-like
AFM inter-chain coupling, current neutron and X-ray
structure analysis failed to detect the expected mirror
symmetry breaking, instead, an in-plane chirality was
uniquely identified in the Na-layer. It is likely that the
2D chiral distribution pattern identified in the Na-layer
may induce the structure relaxation via phonon softening
only without breaking the original 3D crystal symmetry.
9IV. CONCLUSIONS
In summary, we have demonstrated that the iFT-
assisted powder neutron diffraction refinement technique
is crucial to provide an accurate site refinement for
the diffusive Na ions in the layered material like
Na2Ni2TeO6. A chiral distribution pattern hidden in
the Na-layer is found to be intimately related to its
diffusion behavior and the spin structure of Ni arranged
in a honeycomb network.
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